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A reaction mechanism - called background model has been formuled which is
intended to describe the photochemistry in the “unpeolluted” troposphere ie. im the
relatively clean atmosphere not exposed to the direct perturbation from local emitting
sources, The mechanism consists of 48 chemieal reactions, including 12 photochemical
steps, and 12 emisgion and deposition processes. Selection of the reactions included in the
scheme has been based on competitive kinetic consideration using recent kinetic and
photochemical parameters, The model has been applied to the computation of diurnal
concentration profiles of the trace pollutants of the troposphere.

Introduction

A great deal of efforts has been directed toward the elucidation of the
mechanism of photochemical smog formation and modelling the photochemistry
of highly polluted atmosphere [1—4].

On the other hand, relatively little attention has been paid to the photo-
chemistry of the unpolluted troposphere.

Levy’s hypothesis on the role of free radicals in the troposphere [5, 6] and
Crutzen’s discovery of the formation and photochemical destruction of ozone
in the unpolluted lower atmosphere [7, 8] initiated studies of the tropospheric
photochemistry which resulted in the formulation of photochemical models
for the global troposphere [9, 10] and for the marine atmosphere [11, 12].

The reason for the moderate attention received in the past by the photo-
chemistry of unpolluted lower atmosphere was at least in part the scarcity of
information on emission and concentration data of minor tropospheric constit-
uents as well as the paucity of accurate kinetic data for photochemical and
thermal elementary chemical reactions. However, a number of concentration
measurements were made in the lower atmosphere recently and some global

emission data both from natural and from anthropogenic sources became
available.

* To whom correspondence shonld be addressed.
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148 BERCES et al: REACTIONS IN THE TROPOSPHERE, I

Furthermore, excellent critical compilations of photochemical and kinetic
parameters were published lately [13, 14]. Thus, the conditions appear to be
favourable at present for the updating of former reaction mechanisms of the
unpolluted troposphere.

In this study, we deal with the elaboration and kinetic analysis of a photo-
chemical mechanism which is intended to describe the chemistry of the “un-
polluted troposphere” or more correctly the reactions that occur in a clean
lower atmosphere not exposed to the direct perturbation from loeal emitting
sources. We shall call this scheme, which incorporates emission, wet and dry
deposition processes, the background model of the troposphere. The first part
of the present study deals with the formulation of the model, while the second
part reports on a detailed kinetic analysis and reduction of the proposed model
by means of sensitivity analysis.

Reaction conditions and rate parameters

The results of calculations derived from a reaction model depend on the
concentrations of the reactive species and on the values of the kinetic param-
eters, Thus, as a first step in establishing our background model, we need to
specify the conditions under which the model is to be applied and to indicate
the sources of rate parameters that will be used. Regarding the range of applica-
bility, the model should be suitable first of all for the description of the photo-
chemistry of the unpolluted lower troposphere and especially for reproduction
of the diurnal variation of the concentrations of reactive species around ground
level.

Concentrations of tropospheric constituents

We select concentrations for tropospheric constituents that can be taken
as typical ones for the clean air at northern mid-latitudes of 45 °N above ground
level on an average summer day around noon (zenit angle: ¥ 27°), Such day-
time concentrations, given in Table I, were compiled by considering the fol-
lowing sources: (i) Critical evaluation of results of concentration measurements
made by Logan et-al. [10] in the unpolluted atmesphere; (ii) Typical compaosi-
tion of very clean tropespheric air as assumed by Calvert and Stockwell (4];
(iii) Results of tropospheric model caleulations at mid-latitudes byLogan et al.:
(iv) Mixing ratios for sulfur compounds reported by Tiwari and Augustsson [13].

Nocturnal concentrations are also given in Table I. They are intended to
be typical for an average summer day at night and were compiled by consider-
ing the following sources: (i) Simple empirical estimations; (ii) Results of tro-
pospheric model calculations at mid-latitudes [10}. - . :
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Table I

Typical concentrations for tropospheric constitusnts at northern mid-latitudes and surface conditions
(Units are: molecule em~3. 2.5 E19 designates 2.5 % 10, etc.)

Concentrations Concentrations -
Capatiluents Constituegls ————.
duy-time noctirnal day-time nosturnal
Ny + 0, 2.5 E19 2.5 E19 HONO 3 Eoé 1 E6
X 5.1 Els 5.1 El8 HONO, 8 E8 7 E8
H,0 38 E17 38 EI7  HO,NO, 1 E7 1 E5
coO 4.0 Ei2 1.0 E12 0 5 E2 <1E-5
CH, 4.2 El13 4.2 El3 o* 3E-3 <1E-5
HCHO 4 E9 3 E9 OH 1 Eé 1 E2
H,0, 1 E10 5 E9 HO, 3 E8 1 E6
CH;O.H 5 E9 i E9 CH,0, 8 E7 1 E7
0, 3 Ell 2 EIl  CH, 1E-1 1 E—_5
NO 8 E8 5 E4 CH,0 5 E1 5 E_3
NO, 4 ¥8 1 E9 S0, 5 E9 5 E9
N,0, 2 E2 1 E7 H,50, 5 E8 1 E8
NO, 1 Ea I E8

Calculation of diurnal variations of constituent concentrations with our
background model yielded of course somewhat different concentrations, how-
ever, the difference was not as significant as to change any of our conclusions
affecting the selection of the reaction mechanism.

Kinetic parameters for thermal and photochemical reactions

Kinetic parameters, for thermal reactions were taken from recent critical
compilations [14, 13]. The sources of individual kinetic parameters will be in-
dicated in our background model.

The J;_, parameter (s~ ) for photochemical step i -+ hy — J was calculat-
ed from Eq (1):

Jioftr ) = EO_ Do) Luer. (A 1. 2) )

where @ is the quantum yicld of the photochemical process studied, o; is the

light absorption eross section (cm?*) of species ¢ and F,it. (4, 7, %z} designates the

actinic light intensity (photons em~?s-!) which depends on the wavelength

4 as well as on the solar zenith angle z and altitude ». The actinic light inten-
sity was obtained as deseribed by Leighton [16]:

Iact. (’L r & z) = ID(;{) exp ['__Ua(;*‘! z) gee ?] X
X {gi cos y 4 (L—gi cos 7} exp [—(om (4, 2) + 0p(A 2)) see z]} (2)

where o,, ¢, and g, designate the attenuation coefficients for absorption,
molecular scattering and particulate diffusion, respectively, gi is a correction
term taken as gi == 1, and I, is the solar flux outside the aimosphere,
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Calculating the J parameters according to Eq. (1), the I, spectrum was
taken from Vernazza et al. [17]. The @ and ¢ values were obtained from the
tables of Baulch et al. [13] or in a few cases from other sources [3, 14, 18]. In
this way we obtain J = 6.9x10-3 s~ for the kinetic parameter of reaction

NO, 4 hv — NO + O | 3)

at y = 27°. This is in excellent agreement with the clear sky values 8.0 x 10 -2
8.7x10-3s-1 determined experimentally for this reaction under similar
(x = 30°) ambient conditions [19—22]. The difference between our-calculated
and the experimental values appears indeed small if one¢ considers that we used
a very simple approach which does not take into account multiple scattering
and assumes zero albedo.

Parameters for emission and deposition processes

Emission and deposition processes are treated in the same way as chemical
reactions. Thus, deposition is regarded as a first order process. The rate param-
eter d is given in s—! unit and the rate of deposition is expressed in molec.
¢m—2 s—1 unit (since we use molec. cm—3 for concentration). On the other hand,
emission is regarded as a zeroth order process. The rate parameter ¢ is given in
molec. cm—3 s—1 units and expresses the rate of input of a pollutant from emis-
sion sources into the troposphere at a definite altitude. These e parameters are
derived from litarature emission data usually given in g km~2 year—*. In the
derivation we do not take into account explicitly diffusion and convection of the
emitted primary pollutants. Since the time scale of vertical mixing in the tropo-
sphere is short compared to the kinetic lifetime of these species, we proceed as if
at all altitudes of the 10 km high troposphere direct input of primary pollutants
from emission would occur. Accordingly, it is assumed that input rates used in
our model vary with altitude in the same way as the number density of air
changes with height.

On a time-scale of years, the composition of the troposphere can be looked
upon as constant. This stability of the composition allows us to supplement or
correct our insufficient knowledge on emission and deposition data. Namely, for
given typical constituent concentrations, the emission and deposition param-
eters are interrelated in a way that assures the balances in the N-atom, C-
atom, and S-atom budgets. Utilizing this inter-connection we have slightly
modified some of the emission parameters which were chosen originally on the
basis of literature data (see below}.

The souree considered for methane emission was the CODATA compila-
tion by Baulch et al. [13] yielding the parameter (for uge at 0 km altitude)

e(CH,) = 1.5 X 10% molec. em~?s-1,
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From the same literature source we derived 6.5 X 10° molec. em—2s-1 for the
parameter of carbon monoxide emission. However, the balance of the CO
budget required a 409 reduction of the original value, thus finally we accepted

¢(CO) = 4.1 X 10 molec. em—35-1,

This corresponds roughly to the lower limit of the emission data given in the
CODATA compilatien.

Three recent values for NO, background emission can be found in the
literature {13, 23, 24] which were all published in the last years. They agree
very well and suggest 6.3 X 103 molec. em~9s~! for the rate of NO, emission,
Dividing this in the ratio of one 1o one between NO and NQ, we obtain

¢(NO) = 3.2 X 10 molec, cm~3s-1
e(NO,) = 3.2 102 molec.cm~3 51,

Emission data for S50, are rather uncertain: Most of the SO, emission is of
anthropogenic origin, theglobal distribution of emission sources is inhomoge-
neous and their strength is varying significantly in time. Using the data reported
by Mészaros [25] for the sulfur input into the atmosphere over Europe, we
arrive at an emission parameter of 2.3 X 105 molec. cm~3s~1, The maintenance
of the balance in the sulfur budget requires a reduction by a factor of 4, thus
we accept

¢(50,) = 6.0x10* molec. cm~35-1

The deposition parameters are compiled in Table IT and a few remarks
regarding the origin of the parameters are given in the foot-note of the Table.
Only the deposition data of the sulfur compounds need further consideratione.
From the wet and dry deposition rates of sulfur compounds given for Europe by

Table II

Deposition. parameters
{Unit are: s~1. 2.4 E—6 designates 2.4 10-%, ete.)

- Wet Dry Overall

Speciea deposition deponition deposition
HONO, 2.4 E—6 (a) S0E—6() 74 E—6
HONO 2.4 E—6 (b) 50 E—6 (b) 14 E—6
H,0, 2.4 E—6 &) 50E-6() 74 E_6
ch,0,H 2.4 E—6 (b) 50 E-6(b) 74 E—6
3 — c) 4.0 E-6 (c) 4.0 E—6
S0, 8.0 E—17 (d) 61E—6(d) 69 E—6
50%- 7.3 E—6 (d) 60 E—7(d) 79 E—6

{a) Taken from Levine and Schwartz [26];

(b) Assumed to be the same as the parameters of HONO,;

{¢} Estimated
(d) Seetext
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Mészaros [25] and from the assumption that sulfur deposition consists mainly
of 50, and SO~ deposition, one obtains the parameters

et (S0,) + dyer (SOZ7) = 8.1 1095~
diry (SO,) = dary (SOF7) 22 6.7 10051,

Individual parameters can be derived by utilizing the observation that wet
deposition of sulfur compounds consists of about 90%, SO and 109 SO,,
while there is about 109, SO}~ and 909, SO, contribution to dry deposition.
Hence the parameters indicated in Table IT were obtained.

The reaction mechanism

The first step in the formulation of the reaction mechanism was the selec-
tion of the reacting species. For sake of simplicity, the class of hydrocarbons was
represented by a single species, the most abundant hydrocarbon in the “un-
polluted” troposphere, i.e. by methane. This decision implied the consequence
that products with more than one C-atom (i.e. higher carbonyl compounds,
nitrites and nitrates) and the corresponding free radicals were not formed ac-
cording to the reaction mechanism. All together 36 reacting species were taken
into account, Among these were three major atmospheric constituents (Q,, N,,
H,0), twenty-one primary and secondary pollutant molecules and twelve free
radical species,

Neglecting very unlikely transformations of the assumed reacting specics,
still a great number of reactions had to be dealt with. This set of reasonable
reactions was reduced by competitive kinetic considerations. Thus, the rates
of formation and consumption of the assumed reacting species were calculated
at typical tropospheric concentrations and those reactions were neglected which
proved to be significant neither at day-time nor at nocturnal conditions.
(Systematic calculations were carried out only at surface conditions given in
Table I, however, the importanee of selected reactions were estimated alse at
10 km latitude.)

The use of the competitive kinetic method in the formulation of the
background mechanism is demonstrated for the case of nitric acid and triplet
oxXygen atom reactions in Table III and TV, respectively. In the first part of
Table 111, the reactions considered as possible HONO, forming processes are
given. Steps a, and a, are seen to be the major day-time and nncturnal processes,
respectively, while reaction @, is of no importance at the conditions studied.
Thus, we include steps a, and a, in the background model and omit reaction ;.
On the other hand, deposition can be ‘scen to be the dominating HONG,
removal process at day and night around surface level. However, reactions b,

Acta Chim. Hung. 122, 1985
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Table II

Heuction competition tn HONOQ, formation and removal
{Rates in molee. e~ s~ ! unitg.)

No. Reaciion day-time nocturnal
@ OHM+NO,{ M—HONO, : M 64 E3  (160%) 1.6 B0 (0%)
e,  N,0;--H,0~2HONO, 23E 1{07) LIE4 (100%)

g, CH,0, N0~ HCHO + HONO, <IE 0 (09) <1E 0 (0%)

b, HONO,+hr—OHiNO, 3bE2  (3"3) 0 (0%)
b, OH4 -HONO,—~H,0-:i NO, LOEZ  (2%) 9.1 E --3{(0%,)
b;  HOXNO,— deposition 39 E3 (93%) 5.2 E3 {100%)

Table IV

Reaction competition in triplet oxygen atom formation
and removal
(Rates in molec. cm—2 s—! units.}

No. Reaction day-time

6,  NO, hv—NO+0O 2.8 E6 (4%)
a;  Ogrhv—~0+0, 6.3 E7 (939,)
a;,  NO, i hv—NO+0 1.7 E3 (0%)
a, O -M-0O4M 2.2 E6 (3%)
a;  O+0H—H,040 1.9 E0 {0%)
b, Oy 0_,1--314 0, +M 3.8 BT 2100%)
bs O NO+M—NO,+M 1.4 E0 (0%)
b,  0O--NO,~NO+0, 1.5 Eo0 (0%)
b,  O-+NO,+M—NO,+M 1 Eo {0%)
by 0+850,+M—50,+M <8.5 E—2(0%)

. and b, are of some importance at day-time (as shown in Table IIT} and they
become the main HONO, removing processes at high altitudes where UV light
intensity is much greater. Thus, all three reactions will be included in the
scheme,

_ Reactions of triplet oxygen atoms are presented in Table IV. (Due to the
~ very low Oand O* concentrations and the insignificant rates of photochemical
reactions at night, competitive kinetic studies were meaningless at nocturnal
| circumstances.)

Among the 0-atom forming reactions, the contribution of steps a,, @, and
- g, is undoubtedly significant and that of reaction a; is negligible. Reaction a,
i is not in fact important from the point of view of Oformation, however it is a
' major steep in NO, removal. Thus, we include @, a,, ¢, and a, in the reaction
' scheme. Regarding O-atom removal, the ozon formation reaction is the only one
' which needs te be taken into account.
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As a result of our kinetic considerations the number of reacting species
nd reactions could be decreased considerably. We omitted species like
H,0NO, CH,0NO,, CH,0,NO, and CH,00. Furthermore, the very reactive
pecies H, CHO, HOSO, and S0,, which disappear in fast processes, were not
lealt with explicitly; they were eliminated by amalgamating the formation
pud removal reactions. Finally, the products H,, CO, and CH,0H were treated
8 inert species with no significant removal reactions, Thus, apart from the
najor atmospheric constituents O,, N, and H,0, we have all together 22 re-
ctive species, Their reactions — including emission and deposition processes —
orm the 60 step background mechanism presented in Table V., The rate expres-
ions, their sources and the rate coefficients for y = 27°, surface conditions and
298 K (last column) are also given in the Table.

Diurnal variation of tropospheric constituent concentrations

The reaction model presented in Table V has been used to calculate the
liurnal concentration profiles for tropospheric trace pollutants, Calculations
ere carried out for average climatological conditions intended to simulate a
ypical summer day at mid-latitudes of 45 °N (298 K temperature) at 0 km
titude.

The system of kinetic differential equations was solved using a fourth
brder Runge—Kutta integration routine of Gottwald and Wanner [28]. The
oncentrations of the species characterized by very short kinetic lifetimes
ie 0, 0% OH, CH; and CH,0) were obtained from steady state expressions.

The initial concentrations chosen were the day-time data given in Table I.
he J parameters of the photochemical precesses were allowed to change in a
manner simulating the diurnal variation of inseolation. Calculations were conti-
pued for a simulated 12 days period. The profiles calculated in succession were
bompared and it was found that the results obtained after about the fifth si-
prulated day were in good agreement with each other. The total changes in the
joncentrations were not large; the final results read from the calculated profiles
ht noon and at night agreed in all cases within a factor of 3 with the initial con-
jentrations given in Table I. The very good agreement between calculated
esults and literature data (that include concentration measurements made
. the troposphere) shows our model to be internally consistent and supports
he reaction mechanism and the kinetic parameters used in our background
nodel.
| The computed diurnal variations of the trace constituents of the tropo-
phere are presented in Figs 1—3.

. The computed concentration patterns for nitrogen containing species are
pown in Fig. 1. As expected, HONO, and NO, are the most abundant species
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Fig. 1. Diurnal variation of concentrations of nitrogen containing constituents at northern
mid-latitudes {45 °N) above ground lev
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Fig. 2, Dinrnal variation of concentrations of oxigen containing species at northern mid-
latitudes (45°) above ground level
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ig. 3, Diurnal variation of concentrations of short lived transient species at northern mid-
latitudes {45°N) above ground level

d the concentration of NO becomes comparable to these during the sunlit

riod of the day. There is a significant increase observable in NO concentration

mediately after sunrigse and the opposite occurs at sunset. This may be ex-
lained by taking into aceount that NO, photolysis is the predominant route
f NO formation and consequently sudden changes in NO formation oceur at
he setting in and at the termination of insolation.,

The opposite behaviour is chserved for NO; and for N,0; of which NO,

the main precursor: These concentrations decrease at sunrise and increase at
unset. The sudden changes are caused by the commencement and termination
of NOy photolysis.

The most important species in troposheric photochemistry — the driving
force of the photooxidation process — is the OH radical. Its concentration is
peen to change four orders of magnitude during the day; most of it is occurring
again at sunrise and sunset, The OH concentration attains a maximum at noon.
The computed maximum value is 1.5 X 10* molec. cm—?, which compares fa-
':murably with the results of ambient measurements, From observations made
at Jiilich, West Germany (51 °N) on sunny days in summer 1979 between
1100 and 15.00 houre an average value of (1.7 4- 3} X 10% OH meolec. cm—? was
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derived. Under similar conditions in 1980 similar results were obtained, with
most values between 1 to 2105 OH molec. cm—? [29].

Important oxidizing constituents of the troposphere are the species HO,,
CH,0, and Oy whose computed diurnal concentration patterns are presented
in Fig. 2. Compared with OH, the HO, and CH,0, species decay slower, while O,
concentration undergoes only moderate changes during the diurnal period,
The different concentration patterns result from the different fate of the
reacting species: OH reacts predominantly with CO and CH,, while the oxidants
are consumed in reactions with each other and especially in reactions with NO,

The diurnal concentration profiles of some transient species are shown in
Fig. 3. These four free radicals together with OH represent a class of species
which are characterized by very short kinetic lifetimes. Their tropospherie
lifetimes are well below 1 s and the variation of the concentrations follows close-
ly the changes in the amhient conditions, particularly changes in insclation, as
it appears from the results presented in the figure.

Results of diurnal comcentration profile computations show that the
background model developed in this paper gives a reliable account of the im-
portant aspects of the photochemistry of the troposphere.

Itis expected from the detailed kinetic analysis of the mechanism-—which
will be reported on in Part II — to reveal the reactions that play important
role in the photooxidation processes and to select those reactions which are
of little significance in tropospheric photechemistry.

»

This work was smpported by the Environmental Protection Institute under grant
211-L—KA. 61/81. — 1,1.2. The authors are indebted to Profs F. Mérta and E. Mészdros
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